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ScienceDirectUnderstanding the structural rules that govern specific, high-
affinity binding characteristic of aptamer–protein interactions is
important in view of the increasing use of aptamers across many
applications. From the modest number of 16 aptamer–protein
structures currently available, trends are emerging. The flexible
phosphodiester backbone allows folding into precise three-
dimensional structures using known nucleic acid motifs as
scaffolds that orient specific functional groups for target
recognition. Still, completely novel motifs essential for structure
and function are found in modified aptamers with diversity-
enhancing side chains. Aptamers and antibodies, two classes of
macromolecules used as affinity reagents with entirely different
backbones and composition, recognize protein epitopes of
similar size and with comparably high shape complementarity.
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Introduction
A quarter of a century after the invention of SELEX [1,2],
there are now over 10 000 publications describing apta-
mers that bind to proteins, peptides, and small molecules.
With ongoing interest in the use of aptamers as research
reagents, diagnostics and therapeutics, there is consider-
able incentive to understand the structural features that
underlie their high affinity and specificity. Aptamers
bound to small molecules encage their targets and adopt
structures that are only apparent in the presence of the
ligand [3]. In contrast, aptamers bound to proteins utilize
a substantial fraction of their surfaces to engage distinct
epitopes. In this review we will focus on key themes
that have emerged so far from the 16 structures of
aptamer–protein complexes, with special emphasis onCurrent Opinion in Structural Biology 2016, 36:122–132 new structural motifs recently observed in modified apta-
mers with diversity-enhancing side chains.
Nucleic acids as ligands
Single-stranded nucleic acids have a strong tendency to
fold into discrete structures as a consequence of the
propensity of the bases to associate through p–p stacking
and hydrogen bonding interactions. This is further facili-
tated by a highly flexible phosphodiester backbone with
six rotatable bonds that, together with an array of sugar
puckers and a rotatable glycosidic bond, allow the bases to
interact in a wide range of conformations. Success of
SELEX results from the fact that randomized single-
stranded nucleic acid libraries represent a large collection
of shapes that can recognize other molecules through
shape and functional group complementarity.
Our understanding of the structural lexicon of nucleic acids
has increased dramatically since the first structure of tRNA
was reported in 1974 [4,5]. Initial phylogenetic studies and
biochemical probing experiments of ribosomal RNA fol-
lowed by X-ray and NMR structure determinations of
many shorter natural RNAs have established the existence
of numerous structural motifs in RNA [6]. It is not a
coincidence that the first SELEX experiments were done
with randomized RNA libraries in laboratories where
appreciation for the structural complexity of nucleic acids
was already well-established [1,2]. Recurring RNA motifs
such as hairpin loops, internal loops, and pseudoknots as
well as structural elements such as base zippers, ribose
zippers, A-platforms, p-turns, V-turns, a-loops and U-turns
have been extensively reviewed [7–9] and annotated in
databases [10–12]. It is now clear that SELEX with single-
stranded DNA (as well as with other libraries modified at
the 20-position of ribose) is just as feasible [13,14].
Together, these motifs provide a rich set of building
blocks for assembling intricate structures and a vocabu-
lary by which newly discovered aptamers can be de-
scribed and classified. As SELEX is increasingly
performed with modified nucleic acid libraries, this vo-
cabulary can clearly be expanded in an entirely new
dimension to include previously unknown motifs.
The original SELEX experiment targeting a protein was
done with bacteriophage T4 DNA polymerase (gp43),
which binds to a stem–loop region of its own mRNA
thereby serving as an autogenous negative regulator of its
expression [2]. Two major sequences with the same
affinity were identified from a randomized loop ofwww.sciencedirect.com
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mutant. Once the structures were solved by NMR [15],
it became clear that the second ligand was a structural
mimetic of the native sequence despite being different at
four out of eight positions.
This feature has turned out to be a common theme with
aptamers to nucleic acid binding proteins. A glutamine
tRNA synthetase (GlnRS) aptamer obtained by targeted
randomization of the variable loop of tRNAGln also repre-
sents a quadruple mutant compared to the wild-type
tRNA but maintains the same contacts with the protein
[16]. An RNA aptamer to the MS2 bacteriophage capsid
protein adopts a similar stem–loop motif to the wild-type
RNA translational operator but with three rather than four
nucleotides in the loop and three rather than two base
pairs between the loop and the unpaired adenine in the
stem [17]. Nevertheless, the aptamer and its related
variants make contacts with the protein involving three
key unpaired nucleotides that are strikingly similar to
those of the operator [17,18]. Conversely, an aptamer to
ribosomal S8 protein has a secondary structure completely
different from the native RNA ligand; however, extensive
overlap with the binding interface of the native complex
is maintained after a major conformational change of the
aptamer [19]. Even the RNA aptamer to NFkB, a
transcription factor known to bind double-stranded
DNA, adopts a stem–loop motif with an asymmetric
internal loop that engages NFkB with an interface that
overlaps essentially completely the key DNA–protein
contacts [20]. Structural plasticity of the RNA scaffold
allows conserved display of functional groups that contact
the protein despite differences in sequence and second-
ary structure.
There are currently twelve structures of aptamer com-
plexes with proteins not known to bind nucleic acids.
Structures of aptamers composed of RNA [21,22], 20-
fluoropyrimidine RNA (20-FY RNA) [23,24], L-RNA
[25], L-RNA/DNA hybrid [26], DNA [27–29] and
DNA modified at the 5-position of deoxyuridine
[30,31,32] have been reported (Figure 1). Originally a
major conceptual leap of faith, it is now clear that these
types of proteins are equally amenable to SELEX.
Structural motifs observed in aptamers
As the basic unit of structure in RNA and DNA, the
double helix is unsurprisingly a common motif in apta-
mer–protein complexes: 14 out of 16 aptamer-protein
complexes have it. Most are capped with hairpin loops
of varying sizes and have non-canonical base pairs, base
mismatches, and/or internal loops (symmetric or asym-
metric), as expected, since such features are known to
increase the structural flexibility and conformational rich-
ness of the helices [33]. Helical regions are also found
in pseudoknots (PDGF-BB and CCL2) and in the context
of a three-way helix junction with unpaired nucleotides atwww.sciencedirect.com the strand exchange (vWF) (Figure 1). Base triples and
quadruples have also been observed, and the G-quartet
domain is found in three complexes, either alone (throm-
bin) or as part of the multi-domain motif (C5a and IL-6).
The G-quartet domains have also been observed in
aptamer structures solved by NMR in the absence of
protein [15,34]. All of these motifs can be thought of as
scaffolds that orient specific and often discontiguous
functional groups for precise interactions with comple-
mentary pockets on proteins (Figure 1).
New motifs observed in slow off-rate modified
aptamers (SOMAmers)
Despite considerable success, a sizeable fraction of pro-
teins remain difficult SELEX targets. Compared to pro-
tein-based ligands, aptamers have the advantage of
enormous random libraries that can be efficiently
screened and greater conformational flexibility of the
phosphodiester backbone compared with the peptide
backbone (six rotatable bonds vs. two in proteins), but
a disadvantage in chemical diversity with only four bases
versus twenty amino acids as well as a narrower repertoire
of functional groups. With diversity-enhancing functional
groups at the 5-position of pyrimidines, we have recently
succeeded in identifying high-affinity aptamers against
many previously challenging proteins [35–37], and named
these ligands slow off-rate modified aptamers, or SOMA-
mers (for clarity, SOMAmers are defined as aptamers that
contain both diversity enhancing modifications as well as
slow off-rates). Among functional groups tested, hydro-
phobic, aromatic side chains consistently produce the
best ligands, especially when selection pressure includes
a demand for slow dissociation rates. To antibody experts,
this may not be surprising since amino acids like tyrosine,
tryptophan and phenylalanine are about five times more
common in paratopes (the complement to epitopes on
proteins) than on the rest of antibody surfaces, illustrating
their importance in protein binding [38,39].
With three SOMAmer-protein structures, we are begin-
ning to gain insight into the role such modifications play
in folding and binding. All three co-crystal structures were
obtained with SOMAmers identified from DNA libraries
containing a benzyl moiety at deoxyuridine, although
some of the SOMAmers have additional modifications
introduced as part of post-SELEX optimization. We note
this because the types of new structural motifs are likely
to be dependent on the choice of modifications front-
loaded in the initial random libraries.
Hydrophobic cluster
One of the most apparent and recurring new motifs in
SOMAmers is the hydrophobic cluster. Both target-inter-
face and internal clusters have been observed. In the
PDGF-BB SOMAmer, which is composed of a stem–loop
and a short pseudoknot (Figures 1m and 2a), the eight
modified nucleotides are distributed evenly between theCurrent Opinion in Structural Biology 2016, 36:122–132
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Figure 1
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protein forming an interaction surface with complemen-
tary hydrophobic pockets on the protein. The modified
nucleotides also form an extensive network of face-to-face
and edge-to-face p–p interactions that serve as a bridge
between the two domains (Figure 2a–c). Replacing a(Figure 1 Legend) Open-book views of protein–SOMAmer and protein–aptam
renderings (5 kT/e) with the binding interface outlined in orange. Atoms with
surface renderings of the SOMAmers and aptamers. Cartoon representations
interactions. Orange coloring on the cartoons indicates atom(s) in that region 
orange hexagon indicates a sugar contact and orange rectangle indicates a b
SOMAmers. RNA aptamers bound to nucleic acid binding proteins are shown
RNA aptamer (PDB ID: 1OOA) and (c) S8/RNA aptamer (PDB ID: 4PDB). RNA
(d) GRK2/RNA aptamer (PDB ID: 3UZS) and (e) minE Lysozyme/RNA aptame
thrombin/20-fluoro RNA aptamer (PDB ID: 3DD2) and (g) IgG/20-fluoro RNA ap
RNA and L-DNA aptamer (DNA nucleotides indicated with an asterisk) (PDB I
aptamer structures are shown in (j–l): (j) thrombin/DNA aptamer (PDB ID: 3QL
(PDB ID: 3ZH2). Protein-SOMAmer structures are shown in (m–o): (m) PDGF/
NGF/SOMAmer (PDB ID: 4ZBN). The electrostatic surface renderings were pr
www.sciencedirect.com central aromatic residue (benzyl at position 8) with an
aliphatic isobutyl side chain (equivalent to a Phe to Leu
mutation), disrupts this network and creates a hole in the
structure which reduces binding affinity [30].er binding interfaces. All proteins are shown as electrostatic surface
in 4 A˚ of their target are colored orange on the stick and transparent
 of each SOMAmer and aptamer show base pairing and stacking
within 4 A˚ of the target; orange line indicates a backbone contact,
ase contact and/or modified nucleotide contact, in the case of
 in (a–c): (a) MS2 coat protein/RNA aptamer (PDB ID: 6MSF), (b) NFkB/
 aptamers bound to non-nucleic acid binding proteins are shown in (d–i):
r (PDB ID: 4M4O) with protein–20-fluoropyrimidine RNA aptamers in (f)
tamer (PDB ID: 3AGV) and protein–Spiegelmer aptamers in (h) C5a/L-
D: 4WB2) and (i) CCL2/L-RNA aptamer (PDB ID: 4R8I). Protein–DNA
P), (k) vWF/DNA aptamer (PDB ID: 3HXO) and (l) PfLDH/DNA aptamer
SOMAmer (PDB ID: 4HQU), (n) IL-6/SOMAmer (PDB ID: 4NI9) and (o)
epared in PyMOL [49] using the APBS plugin [50].
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Modified nucleotides of the SOMAmers make distinctive intramolecular contacts and have extraordinary shape complementarity to their targets.
(a) The PDGF-BB SOMAmer binds at the dimer interface of PDGF-BB and utilizes all eight modified nucleotides to create a hydrophobic contact
surface with p-stacking and extensive aromatic edge-to-face interactions as seen in (b,c). (d) The IL-6 SOMAmer wraps around the four-helix
bundle of the IL-6 protein and binds with two distinct domains. (e) The hydrophobic cluster in the G-quartet domain of the IL-6 SOMAmer is
centered on Bn-dU8 which is sandwiched between the uridine bases of Bn-dU7 and Nap-dU12, with Tyr31 on IL-6 completing the quadruple
stack. (f) Benzyl moieties in the stem–loop domain of IL-6 SOMAmer cluster and pack tightly against the protein surface as seen in the
transparent surface representation of Bn-dU22. (g) The triangular prism NGF SOMAmer lacks any helical content and conforms to the NGF
surface, binding at the dimer interface. (h) The benzyl zipper in NGF SOMAmer allows for continuous stacking with bases above and below while
the transparent surface rendering of Bn-dU17 highlights the SOMAmer-NGF surface complementarity. (i) A nonplanar benzyl zipper of Bn-dU10
and Bn-dU27 at the 30 end of the NGF SOMAmer creates a hydrophobic cluster with Bn-dU11 for internal structural stability. Protein structures
are shown in dark and light blue, modified dU nucleotides are colored orange and dA, dC and dG are colored wheat.
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stem-loop domain and a G-quartet domain (Figures 1n
and 2d). Eight out of ten modified nucleotides (four in
each domain) make a direct contact with the protein [31].
The two domains are independent of each other, con-
nected by a flexible hinge with no inter-domain contacts
among the hydrophobic side chains. In the G-quartet
domain, which has the same up-down–up-down topology
as the thrombin G-quartet aptamer but no cross-reactivity
to thrombin (and vice versa), modified nucleotides in the
loops form the interface with the protein. Four hydro-
phobic side chains that contact the protein are organized
in a structured cluster in which the central benzyl group at
position 8 is sandwiched between two uridine bases and
surrounded by two benzyl and one naphthyl group in an
array of edge-to-face p–p interactions. A notable feature
of this cluster is a four-ring stack of p–p interactions
capped with a tyrosyl side chain on the protein
(Figure 2e). The hydrophobic cluster is clearly both an
intramolecular structural motif and a component of the
contact surface. When disconnected from the entire
SOMAmer, the G-quartet domain maintains some affinity
for IL-6 (in contrast to the stem–loop domain), albeit at a
three orders of magnitude lower affinity. A single substi-
tution at position 7 in the G-quartet SOMAmer results in
37-fold improvement in affinity, showing that surfaces
defined by the hydrophobic side chains can be tuned to
optimize interactions with the complementary pockets
[31]. In the stem–loop domain, the four modified nucleo-
tides that contact the protein are oriented toward the
major groove of the helix, with three modified side chains
organized in a distinct non-stacking hydrophobic cluster
(Figure 2f).
In contrast to the PDGF-BB and IL-6 SOMAmers, which
utilize well-known secondary structure motifs, the NGF
SOMAmer adopts an entirely unprecedented structure
resembling an elongated triangular prism in which three
interacting strands are arranged in an S-shaped pattern
held together with a dense network of hydrogen bonds
composed mainly of non-canonical base pairs, base tri-
ples, and base quadruples (Figures 1o and 2g) [32]. A
remarkable feature of this SOMAmer is a complete
absence of helical character. In contrast to the PDGF-
BB and IL-6 SOMAmers, only four out of nine benzyl
groups contact the protein. The remaining five side
chains appear to serve primarily as internal hydrophobic
clusters that support this highly unusual fold.
Intercalating benzyl zipper
The two hydrophobic clusters of the NGF SOMAmer
exhibit a unique feature in which the benzyl side chains
of two modified nucleotides on adjacent strands are
involved in reciprocal face-to-face p–p stacking interac-
tions with uridine of the opposing base [32]. The benzyl
groups are separated from the uridine ring by a
distance approximating a base pair and therefore serve
as a pseudo-base in which hydrogen bonding between thewww.sciencedirect.com bases is replaced with a covalent bond. In this way, the
intercalating benzyl groups at the 50 end act like the teeth
of a zipper, keeping opposing strands within an appropri-
ate distance for base pairing while maintaining continu-
ous stacking with the bases below and above the zipper
motif (Figure 2h). The other benzyl zipper is found near
the 30 end at the opposite side of this elongated SOMA-
mer as part of a hydrophobic cluster composed of three
modified nucleotides. In this zipper, the interaction be-
tween the benzyl group and the adjacent uridine base is
substantially identical to the 50 end zipper, but with a
twist: the planes defined by the two bases are not parallel,
and the two benzyl groups turn in synchrony to form a
near-perfect face-to-face stacking interaction with the
opposing uridines (Figure 2i). The two benzyl groups
within this twisted zipper interact with a third benzyl
group to form a structured internal cluster.
Far from being a passive means of connecting the side
chain to the base, the amide linkers are capable of
hydrogen bonding with other bases [30] as well as with
residues on protein targets [31]. We have observed an
overwhelming preference for the trans conformation of
the amide bond in the linker, with only 2 out of 27 mod-
ifications across the three SOMAmer structures adopting
the cis conformation. Similarly, only the anti conformation
of the carbonyl group of the C-5 linker with respect to the
C-4 carbonyl group has been observed.
Sugar puckers, glycosidic bonds and
backbone conformations
Full annotation of motifs utilized in the 16 reported co-
crystal structures is beyond the scope of this review.
Nevertheless, we examined the frequency of utilization
of sugar puckers, glycosidic bonds and backbone con-
formations in this limited dataset. Sugar puckers of ten
RNA-based aptamers (broadly defined to include selec-
tions done with T7 RNA polymerase) predominantly
adopt the C30-endo conformation, as expected
(Table 1). Discerning the difference between related
sugar puckers is often difficult, and conformations adja-
cent to C30-endo (such as C10-endo, C20-exo, C40-exo)
may not be within the level of resolution of the reported
structures (1.8–4.5 A˚) and the geometric restraint pa-
rameters used in structure refinement may be a source of
bias. With these caveats, in seven out of ten aptamers, a
C30-endo-like conformation is observed in more than
80% of nucleotides, comparable to that observed in
tRNA and ribosomal RNA (Table 1). For the six
DNA aptamers, there is a similar preference for the
C20-endo-like conformation (including the adjacent O40-
endo, C10-exo and C30-exo conformations). Here, the
outlier is clearly the NGF SOMAmer, which appears to
have a wider spectrum of ribose conformations than any
other aptamer (Table 1), unsurprising given its highly
unusual structure.Current Opinion in Structural Biology 2016, 36:122–132
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Table 1
Sugar conformations, glycosidic bond conformations (darker orange with increasing % in a given conformation), Kd, Sc index and
interface area for rRNA, tRNA and nucleosomal DNA compared to the 16 aptamers. For the Spiegelmers the sugar pucker has been
reversed to account for difference in stereochemistry. The Sc index of 0.75 calculated in this work for the thrombin RNA aptamer is the
same value reported by Long et al. [23]
Sugar Conformation Ref.
endo
C2’ 
exo
C3’ 
endo
C4’ 
exo
ΣC3’ 
endo
O4’ 
endo
C1’ 
exo
C2’
endo
C3’
exo
ΣC2'
endo
C4’
endo
O4’
exo syn anti 
R
N
A 
0 1 85 2 87 0 0 12 0 13 0 0 97 52
0 3 81 0 84 0 0 16 0 16 0 0 97 54
0 0 79 0 79 0 0 14 7 21 0 0 100 17 
0 3 97 0 100 0 0 0 0 0 0 0 100 20 
0 3 84 0.0 87 0 0 13 0 13 0 0 97 19 
160 5 77 11 93 7 0 0 0 7 0 0 99 
0 8 76 5 90 2 3 5 0 10 0 0 97 21 
5 0 80 5 90 5 0 5 0 10 0 0 90 22 
RNA 0 0 80 0 80 0 0 20 0 20 0 0 84 23 
RNA 0 8 79 13 100 0 0 0 0 0 0 0 92 24 
L-DNA 3 5 43 8 58 0 3 40 0 43 0 0 88 26 
0 0 70 3 73 0 3 25 0 28 0 0 88 25 
D
N
A 
0 0 3 5 8 4 22 62 4 92 0 0 87 53
0 0 0 7 7 0 7 73 7 87 7 0 73 29 
3 0 13 8 23 8 30 25 15 78 0 0 88 28 
0 4 7 4 15 7 7 48 19 81 4 0 78 27 
0 0 9 4 13 0 26 57 4 87 0 0 83 30 
0 0 6 3 9 6 19 56 9 91 0 0 66 31 
Target Comp C1’
50S rRNA rRNA
gly-tRNA tRNA
MS2 RNA
NFkB RN A
S8 RNA
GlnRS RNA
Lysozyme RNA
GRK2 RNA
Thrombin 2'-FY
IgG 2’-FY
C5a L-RNA/
CCL2 L-RN A
Nucleosome DNA
Thrombin DNA
vWF DNA
PfLDH DNA
PDGF-BB mDNA
IL-6 mDNA
NGF mDNA 4 7 14 14 39 0 29 29 0 57 4 0 68 
3
6
.5 348
.0 870
3 110 0.58 899
1 0.2 .67 2599
.78 403
10 1. .56 614
16 0. .75 1073
.74 477
13 0.02 0.70 913
13 1.
0 2 0.74
0 5 0.64
5 0
2 20 0
2 0
5 0
8 79 0
4 0.71 916
13
27 25 0.75 657
13 0.63 0.75 1011
22 40 0.75 1276
17 0.02 0.80 1225
34 0. .72 1248
32 0.
2 0
2 0.77 1097 32 
C3'-endo-like C2'-endo-like 
Glycosidic
Bond
Kd(nM)
SC
Index
Interface
Area
(Å2)
See Refs. [16,17,19,20–31,32,52–54].For glycosidic bonds, the anti conformation is strongly
preferred, as expected (Table 1). The ten RNA-based
aptamers exhibit a range of 0–16% syn conformation
content, with the four aptamers to nucleic acid-binding
proteins exhibiting a lower and narrower range (0–3%)
compared with the ten aptamers to non-nucleic acid-
binding proteins (2–16%). The six DNA-based aptamers,
which include three SOMAmers, overall show a higher syn
conformation content (13–34%), which is more often
associated with the C20-endo sugar pucker [40]. The
up-down–up-down G-quartet motif (with two syn con-
formations in each tetrad), which comprises the entire
thrombin aptamer and one domain of the IL-6 SOMA-
mer, contributes some of the syn conformation content. In
a recent study of functional RNAs, aptamers were found
to have the largest fraction of syn nucleobases per nucle-
otide [40], indicating the more compact form of the
nucleotide better accommodates the active folded struc-
ture. For RNA aptamers shown in Figure 1, most of the
syn nucleotides are observed in loops and tight turn
regions with no base pairing to other nucleotides
(76%), whereas in DNA aptamers, only 31% are observed
in unpaired nucleotides, with the balance being in stems,
G-quartets or other base-paired motifs. As expected, the
majority of syn nucleotides (83%) are purines [41].Current Opinion in Structural Biology 2016, 36:122–132 We also examined the backbone conformations using the
method developed by Duarte and Pyle in which two
pseudobonds connecting the phosphorus and C40 carbon
atoms on adjacent nucleotides and their corresponding
pseudoangles (h and u) are used as a shorthand represen-
tation of the six rotamers, which is then amenable to a
two-dimensional representation analogous to the Rama-
chandran plot in proteins [42]. Rather than being an
oversimplification, this method benefits from filtering
out the noise inherent in individual torsion angles (which
tend to make compensating changes within the context of
a canonical A-form helix) and has been successfully used
to identify novel, sequence-independent motifs in RNA
[43]. The h–u plots are particularly useful for detecting
deviations from the standard helical geometry, which is
clearly apparent in all aptamer structures (Figure 1).
For RNA aptamers, 44% of nucleotides have backbone
conformations outside of the helical region (150–1908 for
h and 190–2608 for u) [42] compared with 37% in ribo-
somal RNA and 34% in tRNA and group 1 intron
(Figure 3a,b). Without a precedent in the literature for
h and u bands for DNA helical region, and to make the
analysis of deviations from standard helical geometry
comparable to that used for RNA, we kept the same
h–u ranges (408 for h and 708 for u) but centered them towww.sciencedirect.com
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Figure 3
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Two-dimensional backbone conformation analysis using pseudoangles h and u. (a) RNA aptamers (b) ribosomal RNA, tRNA and group I intron (c)
DNA aptamers and SOMAmers (d) double stranded DNA and single stranded DNA. The helical range is represented by the intersection of the two
gray bars. Values of pseudoangles are inverted for Speigelmers.maximize the percentage of nucleotides within the heli-
cal bands (150–1908 for h and 170–2408 for u). With these
assumptions, 60% of nucleotides are outside the helical
region for conventional aptamers and 68% for SOMA-
mers, compared with 27% for dsDNA (Figure 3c,d).
Structures of several ‘single-stranded’ DNAs in the data-
base unsurprisingly are also high in the percent of nucleo-
tides outside the helical region (65%). Aside from being a
measure of the conformational richness of the backbone
of aptamers, this type of analysis may be useful for
identifying specific motifs utilized by RNA and DNA
aptamers that are evolved to recognize proteins with high
affinity, representing an exciting area of future research.
Interaction surfaces
Protein epitopes recognized by most aptamers are pre-
dominantly electropositive and, aside from stacking inter-
actions involving the bases, are dominated by hydrogen
bonds and charge–charge interactions. The sum of all
hydrogen bonds and charge–charge interactions increases
approximately linearly with the interface area for the
conventional aptamers ([30,36] and graphical abstract).
The three SOMAmers reported to date fall outside of thiswww.sciencedirect.com trend line, with fewer polar contacts per interface area,
reflecting their ability to interact with more hydrophobic
surfaces on proteins and resulting in access to a wider
range of accessible epitopes [44]. The sizes of epitopes
engaged by aptamers and SOMAmers combined show
extensive overlap with those observed with antibodies
(560–1300 A˚2) but cover a wider range (348–2599 A˚2)
(Table 1). The extreme outlier at the large end of the
range is the GlnRS ‘aptamer’, which is a mutant of
tRNAGln, and therefore clearly a special case. Neverthe-
less, this example illustrates that, since random regions of
any length can be used in SELEX, aptamer interaction
surfaces are not constrained by the more narrowly defined
geometry of antigen combining regions of antibodies.
A high degree of torsional flexibility, a large sequence
space and an array of secondary and tertiary structure
motifs create the possibility for generating ligands with
good shape complementarity with a wide range of con-
tours on protein surfaces. Aptamer structures shown in
Figures 1 and 2 provide visually intuitive evidence that
this is indeed the case. To quantify this observation, we
have used a method described by Lawrence and ColmanCurrent Opinion in Structural Biology 2016, 36:122–132
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Figure 4
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Shape complementarity index (Sc) for aptamers compared to
antibodies. The Sc analysis for the 16 aptamer co-crystal structures
has a mean value of 0.71  0.05 (SD) (gray line), and a median value
of 0.74 (black line) while the 34 antibodies analyzed have a mean
value of 0.69  0.06 (gray line) and a median value of 0.70 (black line).
Symbol coloring: SOMAmers, red; DNA aptamers, orange; RNA
aptamers, blue; antibodies, gray. PDB IDs of antibody/antigen
complexes analyzed are: 4OGY, 5EBE, 4UU9, 4QCI, 4EDW, 4CNI,
2UZI, 2R69, 2BDN, 1OAK, 2R0K, 2Q8B, 2NY7, 2JEL, 2DD8, 2I9L,
1ADQ, 1BJ1, 1BQL, 1BVK, 1C08, 1DQJ, 1E6J, 1EO8, 1FBI, 1FDL,
1G6V. Sc analyses were performed using the program available as
part of the CCP4 suite [51].[45] to compute the shape complementarity index (SC) for
the 16 aptamer co-crystal structures (Table 1), first ap-
plied to protein–aptamer interaction by Long et al. [23].
SC values for the 16 aptamers have a mean value of
0.71  0.05 (SD), and a median value of 0.74. With addi-
tional side chains to follow contours on protein surfaces,
SOMAmers are unsurprisingly at the higher end of the
range with a mean value of 0.76  0.03 and a median
value of 0.77 (Table 1, Figure 4). For comparison, SC
values for 34 antibodies in the PDB database exhibit a
mean value of 0.69  0.06 and a median value of 0.70
(Figure 4). These two different classes of macromolecules
therefore show a similarly high degree of shape comple-
mentarity with protein surfaces they recognize, a feature
undoubtedly contributing to their high binding affinity
and specificity.
Conformational change on binding
How much conformational change takes place in proteins
and aptamers as they form complexes? In 15 out of
16 structures, aptamer binding does not change the con-
formation of the protein from that observed in the unbound
state. The observed range of root mean square (RMS)
deviations of the protein backbone atoms of aptamer-Current Opinion in Structural Biology 2016, 36:122–132 bound and unbound structures is 0.3–1.8 A˚. For the
remaining structure (NFkB), only the DNA-bound state
is available for comparison, with an RMS value of 5.1 A˚
overall, but only 1.2 A˚ in the N-terminal domains.
Far less is known about the conformational changes of
aptamers upon binding their protein targets. To date,
there are only two reported solution structures of free
aptamers that have corresponding co-crystal structures:
the S8 aptamer [19] and the NFkB aptamer [46]. The S8
aptamer study indicates that the RNA undergoes a con-
siderable conformational change upon binding, adopting
a conformation similar to that of the 16S rRNA sequence
that binds to S8. Conversely, the NFkB RNA aptamer
appears to contain a pre-formed stem-loop structure that
resembles the native B-form DNA binding partner. The
RNA undergoes induced fit in an internal loop and the
terminal tetraloop upon binding the protein. Induced fit
has also been observed by NMR studies with NX1838,
the aptamer in pegaptanib [47]. Most aptamers that bind
to small molecules undergo conformational changes upon
binding [3]. These examples, along with those from
ribosomal RNA, tRNA and U1A RNA [48], suggest that
aptamers tend to exhibit greater plasticity in accommo-
dating the conformations that are optimal for complex
formation. The remarkable shape complementarity
exhibited by aptamers (Figure 4) is evidently worth
the thermodynamic cost associated with conformational
change upon binding.
Concluding remarks
From a small but growing set of structures of aptamers
bound to proteins, some common themes have emerged.
Aptamers take advantage of known nucleic acid structural
motifs to create a scaffold on which nucleotides that
interact with the protein are precisely organized and
displayed. Entirely novel motifs observed with SOMA-
mer structures show that this repertoire can be substan-
tially expanded with modified libraries. The size of the
interaction surface of aptamers is, overall, comparable to
that observed with antibodies, although the range is wider
for aptamers with outliers on both the low and high ends.
Electropositive surfaces are the dominant feature, except
where hydrophobic interactions are made possible with
hydrophobic side chains on modified nucleotides. The
conformational flexibility of the phosphodiester back-
bone allows for extraordinarily high shape complemen-
tarity with epitopes on the protein surface. In most cases,
complex formation takes place without a major change in
the conformation of the protein. These observations,
although obtained from only 16 structures, go a long
way toward providing a solid structural rationale for the
high affinity and specificity observed with aptamers. With
aptamers (including SOMAmers) now identified to more
than 3000 proteins, we clearly have much more to learn
about the structural rules that govern high affinity binding
to proteins.www.sciencedirect.com
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